Petrologic and geochemical characteristics of whole rocks and minerals may be explained by metasomatism of the local mantle lithosphere induced by both alkaline magmas upwelling to the surface (OIB-like mantle diapirism) and interaction with slab-derived material. In comparison with the geochemistry of xenoliths carried by alkaline magmas in typical withinplate tectonic environments, the Veneto xenoliths record a major heterogeneity of the local lithosphere. This appears to be related to a geodynamic scenario that was previously dominated by active continental collision, in which plume-like magmatism subsequently manifested itself.
INTRODUCTION
The upper mantle cannot be investigated by direct sampling, so peridotite xenoliths hosted in basaltic rocks provide a useful way to define its characteristics, such as bulk composition, mineral phase chemistry, occurrence and types of metasomatic processes. Xenoliths from the Veneto Volcanic Province (VVP, SE Alps, NE Italy; Fig. 1 ) represent the subcontinental lithospheric mantle belonging to the African plate beneath the Veneto region. They are hosted by sodic-alkaline extension-related magmas . During the Cretaceous, the surrounding SE Alps were involved in convergence between Africa and Eurasia plates, inducing subduction processes of the latter plate southeastward (von Blanckenburg and Davies, 1995; Schmid et al., 1997) . Because the subcontinental mantle lacks significant convection, the VVP xenoliths may bear the geochemical and petrographic signature of metasomatism induced by di-378 D. Gasperini et al. Beccaluva et al. (2001) suggested that the addition of 1-6% of a Na-alkaline melt to a primary lherzolite composition may account for the present petrologic and geochemical composition of a typical lherzolite. Nevertheless, the occurrence of ultrapotassic, benmoreitic and other glass compositions suggests that different metasomatic agents and processes occurred.
In this work we describe petrologic, geochemical and isotopic (Sr, Nd, Pb and O) features of a new suite of Mg-rich (i.e. mg# > 88) spinel peridotite xenoliths from different outcrops of the Adige Valley and Lessini Mts. (Fig. 1 ). This study focuses on fresh whole-rock samples to investigate processes of melting and metasomatism that likely gave rise to the compositional heterogeneity recorded in the lithospheric mantle beneath the Veneto region. To achieve this goal, the VVP xenoliths are compared to representative worldwide ultramafic xenoliths from different geodynamic settings, such as those carried to the surface by: a) within-plate alkali basalts, in both oceanic (Canary Islands, Kerguelen Islands) and continental environments (French Massif Central, Germany, Australia), b) calc-alkaline magmas in typical subduction zones (Marianas, Papua New Guinea, Philippines) and c) alkali basalts in both extensional and subductionrelated geodynamic settings, e.g., along the Pacific plate borders (Russia, China, Mongolia, Japan, Canadian Cordillera), at Vulture (central southern Apennine chain, Italy) and in the Pannonian Basin (Hungary, Romania).
TECTONO-MAGMATIC OUTLINE
The Veneto Volcanic Province occurs in the easterncentral sector of the south Alpine domain (northeastern Italy; Fig. 1 ). During the Tertiary, convergence between Africa and Europe induced a south-eastward subduction of the European plate underneath the African plate, giving rise to the Alpine belt, and subsequently to numerous calc-alkaline intrusions and subalkaline dykes of mainly Oligocene age. In the south Alpine eastern foreland (e.g., in the Veneto region), however, an extension-related magmatism of mainly basic composition occurred from late Paleocene to early Miocene times (De Vecchi and Sedea, 1995; Zampieri, 1995; Milani et al., 1999) . According to Maffei et al. (2003) , the OIB-like alkaline basaltic volcanism in the Veneto region could be related to mantle diapirism. Upwelling of deep mantle material seems to have occurred twice in the south-eastern Alps: first in Paleocene times, i.e. before the subducted European lithospheric slab became an obstacle to deep mantle upwelling, and again during middle Eocene times, through a gap created in the subducting slab by its breakoff Ranalli et al., 2004) . Veneto volcanics developed over a time span of about 35 Ma, the apex of the volcanic activity occurring in the middle Eocene (De Vecchi and Sedea, 1995) . The most representative rock types are alkali basalts, basanites and transitional basalts, frequently hosting mantle xenoliths.
SAMPLING AND PETROGRAPHY
Eighteen mantle xenoliths from the Val di Serra quarry (Adige Valley) and twelve xenoliths from Lessini Mts. were used in this study to supplement existing petrographic and geochemical data from the Lessini Mts. (Morten, 1987;  Table 1 ). The locations of the Lessini samples are: San Giovanni Ilarione, Monte Madarosa and Monte Purga di Bolca (Fig. 1) . The sampling sites are characterized by several basaltic intrusions represented by 1-2 m thick basaltic dykes (Adige Valley) and tens meters size pipes (Lessini Mts.).
The ultramafic xenoliths are generally sub-rounded, rarely angular. Their size varies from 5 cm to 15 cm in diameter. Generally, the Adige Valley xenoliths invariably show protogranular texture whereas the xenoliths from the Lessini Mts. show more variable textures, from protogranular to porphyroclastic and pyrometamorphic (Pike and Schwarzman, 1977) . A significant difference between the Adige Valley xenoliths and those from the Lessini Mts. is that the latter contain glassy patches . Hydrous phases, e.g., micas and/or amphiboles, are absent in the Mg-rich series of the VVP xenoliths. The following description gives petrographic details of the selected samples grouped according to their geographical occurrence. Vecchi and Sedea (1995, modified) , and location of the sampled areas.
Fig. 1. Sketch map of the south-eastern portion of the southalpine domain (Veneto region) after De
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Adige valley
Xenoliths from Adige valley consist of four-phases lherzolites and harzburgites with olivine, orthopyroxene, clinopyroxene and spinel, in order of decreasing abundances. They only show protogranular texture (Mercier and Nicolas, 1975) that is characterized by coarse olivine and orthopyroxene (>2 mm) and coarse-to medium-sized clinopyroxene and spinel (1-2 mm). Coarse olivine generally shows kink bands and pyroxene is commonly exsolved. Clinopyroxene locally occurs in interstitial positions between olivine and orthopyroxene. Spinel occurs in a variety of textural types such as holly-leaf shaped large grains, small interstitial grains and vermicular symplectite with orthopyroxene. In order to assess the geochemical fingerprint of the host basalt contamination on the xenoliths, we have also considered three samples (55B, F56-7, and F56-17) that display veinlets in physical continuity with the host basalt. Basalt or chlorite, which is interpreted as the alteration product of infiltrated basaltic glass, fills these veinlets. Serpentine is locally present along the grain boundaries of olivine and within microcracks in olivine.
San Giovanni Ilarione (Lessini Mts.)
Xenoliths from this locality are spinel lherzolites with complex textures defined by the coexistence of protogranular and granuloblastic domains. The protogranular domain consists of strained olivine with curvilinear to irregular grain boundaries. Large orthopyroxene grains show thin exsolution lamellae of Ca-rich pyroxene whereas the pale green interstitial clinopyroxene grains carry exsolution lamellae of Ca-poor pyroxene. In the granuloblastic domain, fine-grained olivine is unstrained and shows rectilinear grain bounda- ries. Pyroxenes do not show exsolution lamellae. Brown spinel (Morten et al., 1989) occurs in a variety of textural positions: (1) as holly-leaf grains, (2) as interstitial grains associated with olivine and glassy patches and (3) as vermicular grains ("wormy spinels") forming a symplectitic intergrowth with orthopyroxenes and, to a minor extent, with clinopyroxene. The wormy spinels are likely exsolved from pyroxenes (Morten et al., 1989) Wells (1977) and the two-pyroxene geothermometer of Taylor (1997) , using the clinopyroxene compositions of Table 2c . Assumed pressure is 1.5 GPa. *EPM data from Morten (1987 Wells  914  821  909  956  952  847  998  926  Ta97  836  704  842  888  881  756  969  883 tion and orthopyroxenes display exsolution lamellae. The latter commonly show reaction rims against olivine and clinopyroxene. These rims consist of fine-grained olivines and clinopyroxenes set in a glassy matrix. More importantly, these rims and the host basalts are not in contact. Two types of clinopyroxenes occur. The first, less abundant than the second, is made of large anhedral grains with exsolution lamellae. The second type comprises clinopyroxenes with spongy appearance because of the presence of fine glass inclusions. Spinel occurs as hollyleaf shaped grains, whereas spinels in contact with the host basalt show opaque, Cr-enriched rims. The reaction zones along the contact between xenoliths and the host basalt consist of fine olivine and clinopyroxene(±glass) aggregates, which replace former pyroxenes. In the reaction zones, large olivines with embayed grains also occur. Rarely, these olivines show reaction rims consisting of fine-grained olivine plus glass.
Monte Purga di Bolca (Lessini Mts.)
Ultramafic xenoliths from Monte Purga di Bolca site mainly show porphyroclastic textures, with large olivine, up to 2 mm, and subordinate orthopyroxene porphyroclasts that set up in a fine-grained (100-400 µm) matrix formed mainly of olivine. The olivine porphyroclasts are strained with undulose extinction whereas the olivine neoblasts are unstrained. Orthopyroxene shows exsolution lamellae of Ca-rich pyroxene. Fine (0.4-0.6 mm) interstitial clinopyroxene grains are partly or totally spongy. The spinels are present as brown grains with reaction rims at the contacts with spongy clinopyroxene and olivine. Morten (1987) . Morten (1987) . 
*EPM data from

ANALYTICAL METHODS
Major element compositions of the mineral phases were analyzed by electron microprobe with a Cameca CAMEBAX (IGG-CNR, Padova), equipped with four wavelength-dispersive spectrometers. Natural silicates and oxides were used as standards. The accelerating potential employed was 15 kV with a beam current of 10 nA and a beam size of about 1 µm diameter. Peak counting was 10 seconds. Raw data were corrected on line for matrix effects with the ZAF routine.
Thirty spinel peridotites, together with six host lavas from the Adige Valley and Lessini Mts. were analyzed for major and trace elements, and Sr, Nd, Pb and O isotopic compositions. Among the peridotites, only three samples (55B, F56-7, and F56-17) are intruded by veinlets of the basanite host; the other xenoliths are fresh and with no petrographical evidence of interaction with host material. Whole-rock X-ray fluorescence (XRF) analyses of major elements were determined at the Earth Science Department of Pisa University, using a PHILIPS PW 1480 spectrometer and following the analytical procedures of Franzini et al. (1975) and Leoni and Saitta (1976) . Trace element concentrations were obtained at the CRPG in Nancy (Alibert et al., 1983 Manhès et al. (1978) and White and Dupré (1986) . Pb isotope compositions were determined by multi-collector magnetic-sector inductively-coupledplasma mass spectrometry, using the VG model Plasma 54 in Lyon (White et al., 2000) . Total procedural blanks for Sr, Nd, and Pb were better than 100, 8 and 25 pg, respectively. Sample to blank ratios for all three elements for all samples analyzed were > 1000. The whole-rock (WR) δ
18 O values have been obtained by gas mass spectrometry at Activation Laboratories of Ancaster (Ontario). Stated precision of analyses is 0.3‰. The isotopic composition of a sample is given as: δ sample = (R sample / R standard -1) * 1000 in per mil unit, where R is 18 O/ 16 O and the standard is SMOW.
MINERAL CHEMISTRY AND TEMPERATURE ESTIMATES
Representative compositions (major element) of minerals are summarized in show different composition as a function of the degree of fertility of the peridotite. The sample 15 Mlh is a harzburgite and contains chromiumand iron-rich spinels (cr# = 0.74, mg# = 0.59). Conversely, spinels from the sample 25 Mlh (a spinel-lherzolite) are highly magnesian and chromium-poor (mg# = 0.75; cr# = 0.10). Morten (1987) and Morten at al. (1989) provided a detailed mineral chemistry description of the spinels from the Lessini Mts. xenoliths and here we report the major conclusions. Spinels from the Lessini Mts. xenoliths have mg# and cr# that vary as a function of their textural site. Interstitial spinels, which are surrounded by silicates, show a restricted range of mg# (0.75-0.81) and cr# (0.09-0.15). On the other hand, spinels in contact with glass sites show a negative correlation between mg# and cr#, with large variations in mg# (0.23-0.74) and relatively limited changes in cr# (0.09-0.35). This trend was interpreted as the result of a combination of partial melting, solid-liquid and subsolidus reactions.
Equilibration temperatures were calculated using the Wells (1977) and the Taylor (1998) geothermometers. In these calculations we used an input pressure of 1.5 GPa, which is assumed to represent an average pressure for mantle xenoliths equilibrated in the spinel-facies. The two geothermometers yield similar values only at the hightemperature end of the dataset. The discrepancy between the two methods is largest (>100°C) for the spinelharzburgite 56B, which records the lowest temperature. In general, the Adige Valley xenoliths give equilibration temperatures somewhat lower than the Lessini Mts. xenoliths. In the Adige Valley xenoliths, the temperatures calculated from the pyroxene rim compositions are lower of about 100°C in comparison with the temperature esti- Morten (1987) . Morten, 1987; b.d.l 
WHOLE-ROCK GEOCHEMISTRY
Major and trace element compositions of the VVP xenoliths are listed in Table 3 (a) and (b).
Major element composition
The VVP xenoliths belong to the Cr-Diopside suite (defined as having mg# = 89-92, Table 3 (a); Wilshire and Shervais, 1975) . Their mg# (89-92) and cr# (5-20) values ( Fig. 2a) are comparable to those of other Cenozoic ultramafic xenoliths entrapped in basalts from French Massif Central (Zangana et al., 1999; Lenoir et al., 2000) , Germany (Hartmann and Wedepohl, 1990; WittEickschen, 1993) , Hungary (Downes et al., 1992) , Romania (Vaselli et al., 1995) , Russia (Ionov et al., 1995) , Mongolia (Wiechert et al., 1997) , China (Qi et al., 1995; Chen et al., 2001) and Canadian Cordillera (Peslier et al., 2002) . When compared to xenoliths from different geodynamic settings, such as oceanic or continental environments (Canary Islands: Wulff-Pedersen et al., 1996; Neumann et al., 2002; Kerguelen Islands: Grégoire et al., 1997; Australia: O'Reilly and Griffin, 1988; Yaxley et al., 1991; Foden et al., 2002) or typical subduction zones (Marianas: Parkinson and Pearce, 1998; Papua New Guinea: Franz et al., 2002; Philippines: Maury et al., 1992) , the VVP and French Massif Central, Germany, Hungary, Romania, Russia, China, Mongolia and Canadian Cordillera xenoliths display lower cr# values, while showing the same range of mg#, that are comparable to the primordial mantle values (Fig. 2a) . This correlation likely reflects a rather fertile nature of the mantle region, eventually related to influx of deep mantle material in the lithospheric mantle.
As with the xenoliths from French Massif Central, Germany, Hungary, Romania Russia, Mongolia, China, Canadian Cordillera and Vulture, the VVP spinelperidotite xenoliths show a general trend of depletion in fusible basaltic components, such as TiO 2 , Al 2 O 3 and CaO (Figs. 2b, c, d) , and a concomitant decrease of mg# from strongly depleted to relatively fertile samples (Fig. 2a) . Most have lower overall TiO 2 , Al 2 O 3 , CaO, Na 2 O and higher MgO contents than the primordial mantle composition (McDonough, 1990) . Most of the VVP xenoliths characterized by MgO > 38 wt.% ca. shows relatively good negative correlations for TiO 2 , Al 2 O 3 , and CaO vs. MgO contents, while the xenoliths with MgO = 36-39 wt.% ca. do not define any correlation trends in the same co-variation diagrams (Figs. 2b, c, d) . Two of the three xenoliths, 55B and F56-17, which are contaminated by intruded veinlets of basalt, tend to have higher concentrations of the most fusible components (e.g., TiO 2 ) than most of the other xenoliths (Figs. 2b, c, d ).
Compared to xenoliths from ocean-island or continental environments (Canary and Kerguelen Islands, Australia), the VVP xenoliths show more gently sloping arrays in the TiO 2 and CaO vs. MgO diagrams (Figs. 2b and d) and are characterized by a wide range of TiO 2 and CaO contents, with a variation of about 10 wt. % MgO. The positive array in the CaO vs. Al 2 O 3 plot (Fig. 2e) , shown by both the VVP and French Massif Central, Germany, Hungary, Romania Russia, Mongolia, China, Canadian Cordillera and Vulture xenoliths, indicates a mantle source depleted in a basaltic component after partial melting events. In particular, the more depleted xenoliths from the VVP plot towards the subduction-related xenoliths (Marianas, Papua New Guinea and the Philippines).
Trace element composition
Concentrations of compatible (Ni and Co) and incompatible (Rb, Nb, Zr, Hf, Y and Lu) elements of the VVP and worldwide xenoliths are plotted against MgO contents in Fig. 3 (literature sources for trace elements are the same as those for major elements). Among the compatible elements, Ni and Co display rough positive trends with MgO, due to the increase of residual olivine in the most Ni-Co-Mg-rich xenoliths, or to the increase of both Ni and Co contents in olivines (Figs. 3a and b) . Among the incompatible trace elements, some of the High Field Strength Elements (HFSE) and HREE, such as Y, Lu, and, to a lesser extent, Hf, show rough negative correlations with MgO content (Figs. 3c, d, f) . Zr, Nb and the Low Field Strength Elements (LFSE, e.g., Rb) are not correlated with MgO content (Figs. 3e, g, h) . Three xenoliths, 55B, F56-7 and F56-17 display unusually high Rb, Th, Nb, Ta, Zr and Hf concentrations because of the interaction with the host material.
The slight negative correlations between HFSE and MgO depicted by the VVP and French Massif Central, Germany, Hungary, Romania Russia, Mongolia, China, Canadian Cordillera and Vulture samples contrast with the flat trend defined by xenoliths from typical subduction zones (Marianas and Papua New Guinea) and with the almost vertical array formed by samples from Canary and Kerguelen Islands.
Most of the VVP samples show similar REE patterns (Fig. 4a, Table 3 ). The majority display variable enrichment in LREE, as indicated by their (Ce/Yb) n ratio varying from 0.46 to 8.22. The most LREE-enriched xenoliths [(Ce/Yb) n = 16.58-21.09] are those samples contaminated by the host basalt (55B, F56-7, and F56-17) . Table 3a ; VVP literature data: Beccaluva et al., 2001 ), compared to the primordial mantle composition (McDonough, 1990) and world-wide mafic xenoliths. French Massif Central: Zangana et al., 1999; Lenoir et al., 2000; Germany: Hartmann and Wedepohl, 1990; Witt-Eickschen, 1993; Hungary: Downes et al., 1992; Romania: Vaselli et al., 1995; Russia: Ionov et al., 1995; China: Qi et al., 1995; Chen et al., 2001; Mongolia: Wiechert et al., 1997; Canadian Cordillera: Peslier et al., 2002; Vulture: Downes et al., 2002; Canary Islands: Wulff-Pedersen et al., 1996; Neumann et al., 2002; Kerguelen Islands: Grégoire et al., 1997; Australia: O'Reilly and Griffin, 1988; Yaxley et al., 1991; Foden et al., 2002; Marianas: Parkinson and Pearce, 1998; Papua New Guinea: Franz et al., 2002; Philippines: Maury et al., 1992. The array (Ca-metasomatism) is from Yaxley et al., 1991. Fig. 3. Trace element abundances (ppm) vs. MgO content (wt.%) for the VVP xenoliths, compared to the primordial mantle composition (McDonough and Sun, 1995) and world-wide ultramafic xenoliths (references as in Fig. 2 plus Stosch and Lugmair, 1986, for Germany) . Symbols are the same as in Fig. 2 . (Sun and McDonough, 1989) Primordial mantle-normalized bulk rock trace element abundances of the VVP xenoliths (Figs. 4b-e) show an enrichment of the most incompatible elements (from Rb to P) from one to twenty times the primordial mantle, with Pb peaks (enriched xenoliths; Fig. 4c ) or troughs (below the detection limit for the most depleted xenoliths; Fig. 4e ). The less incompatible elements (from Nd to Lu) have abundances similar to or lower than the primordial mantle (Fig. 4e) . We note that: 1) the strongly contaminated xenoliths (55B, F56-7 and F56-17; Fig. 4c ) are the most enriched in incompatible elements and display Nb-Ta peaks over the adjacent LREE, with K, Sr, Zr and Hf negative anomalies. Their patterns are actually similar to those of the VVP host basanites, which have a typical OIB signature, in spite of the lack of Rb negative anomalies in most of the samples (Fig. 4c, Table 3 ; Macera et al., 2003) . Other xenoliths display similar geochemical characteristics, also if relatively less enriched in incompatible elements, and not all showing K troughs, even if they do not display optical evidence of interaction with the host basanites;
2) most of the xenoliths which are slightly enriched in incompatible elements, apparently not contaminated by the host material, are characterized by peaks at Rb, Th, U and K, and troughs at Ba, Nb, Ta, Zr (Fig. 4d) . Their patterns are analogous to that of sedimentary material, represented as the average upper continental crust (Taylor and McLennan, 1985) in Figs. 4b and d, thus significantly different with respect to OIB trends (here represented by the VVP host rocks). Nevertheless some of these xenoliths are characterized by Hf troughs;
3) the most depleted VVP xenoliths display slightly negative patterns from LILE to HFSE with Ba, Zr and Hf troughs, and lower enrichments in all the incompatible elements with respect to the enriched ones (Fig. 4e) .
Interestingly, all xenoliths show Ti negative anomaly. As far as key incompatible element ratios, in the plot of La/Yb vs. Ti/Eu ratios (Fig. 5a ) the VVP xenoliths define a trend parallel to the field including data from Russia, Mongolia, China and the Canadian Cordillera, thus showing similar La/Yb but higher Ti/Eu ratios. The majority of VVP xenoliths fall within the field of French Massif Central and Germany, but a few also plot within the fields of HIMU and pelagic sediments (Planck and Langmuir, 1998) . The VVP xenoliths are characterized by significantly lower La/Yb ratios and higher Ti/Eu ratios with respect to both carbonatites (Nelson et al., 1988; Klemme et al., 1995) and carbonatite-metasomatized xenoliths (e.g., Australia, Yaxley et al., 1991 Yaxley et al., , 1998 .
In the diagram of Tb/Yb ratio vs. Al 2 O 3 content (Figs. 5b and c; modified from Peslier et al., 2002) , several VVP xenoliths plot on the melting trend in the spinel stability field (Bodinier et al., 1988) , similarly to xenoliths from French Massif Central and Canadian Cordillera. Some (Peslier et al., 2002; modified) for the VVP xenoliths and host basanites (white circles), compared to the VVP literature data (Beccaluva et al., 2001 ) and other worldwide ultramafic xenoliths (references as in Fig. 2) (Peslier et al., 2002, modified Nelson et al. (1988) and Klemme et al. (1995 Fig. 6b ), whereas all plot significantly far from the field of carbonatites.
Isotopic composition
The Sr, Nd, Pb and O isotopic compositions of the VVP whole rock xenoliths are listed in Table 4 Fig. 7a ; data from http://petdb.Ideo.columbia.edu/petdb/). In contrast, two xenoliths (25Mlh and 25CMlh) show significantly more radiogenic Sr isotopic compositions (0.703940-0.704356), plotting outside the mantle-array (Fig. 7a) , with 87 Sr/ 86 Sr ratios respectively similar (25Mlh) and significantly higher (25CMlh) than their host basanite (25MB). These xenoliths display a Sr isotopic signature that is often recorded in subduction-related basaltic andesites (Gill, 1981) . Such a feature is commonly ascribed to low temperature alteration processes, e.g., related to interaction between oceanic floor and seawater occurring in altered oceanic crust (e.g., Davis et al., 2003) or caused by late weathering.
With respect to Sr-Nd isotope data on worldwide xenoliths, the VVP samples show significant similarities with French Massif Central (Downes and Dupuy, 1987; Zangana et al., 1997; Downes et al., 2003) , Germany (Hessian Depression; Kramm and Wedepohl, 1990 ) and the Pannonian Basin (Hungary and Romania: Downes et al., 1992; Vaselli et al., 1995; Rosenbaum et al., 1997) . The two VVP xenoliths characterized by the most radiogenic Sr isotopic compositions, 25Mlh and 25CMlh, display Sr and Nd isotope ratios similar to those from Australia (McDonough and McCulloch, 1987; Griffin et al., 1988) , China (Song and Frey, 1989; Tatsumoto et al., 1992) and Hungary (Rosenbaum et al., 1997) . Some VVP xenoliths with low Nd and Sr isotope ratios plot close to Canary Islands (Whitehouse and Neumann, 1995) , within the field of VVP basalts (insert in Fig. 7a ; data from Macera et al., 2003) . There are no similarities between xenoliths from the VVP and Japan, Philippines and the Kerguelen Islands.
The (Harris et al., 1986; modified) and (b) Th-Hf/3-Ta diagram (Wood, 1980; modified) for the VVP and world-wide ultramafic xenoliths (references as in Fig. 2 ). For HIMU, pelagic sediments and carbonatites data references are as in Fig. 5 . Primordial mantle values are from McDonough and Sun (1995) .
tios recorded in the contaminated xenoliths (55B, F56-7, F56-17) . Otherwise, we guess that the anomalously high Tb/Yb ratio of F56-B might be due to erroneous analysis, which leads to overestimation of Tb content (see Table  2b ). Carbonatites display high Tb/Yb ratios as well (average Tb/Yb = 0.93; Nelson et al., 1988; Klemme et al., 1995) but at lower Al 2 O 3 content. In both the Hf-Rb/10-Ta*3 (Fig. 6a , modified from Harris et al., 1986) and Th-Hf/3-Ta diagram ( Fig. 6b ; modified from Wood, 1980 ) the VVP xenoliths define a (hundreds of literature data, http://georoc.mpchmainz.gwdg.de/Start.asp; http://petdb.Ideo.columbia.edu/ petdb/), lining up with two of the VVP host basanites, whereas the other samples plot in the field of pelagic sediments (numerous literature data, courtesy B. Hanan, Fig. 7b ). The Pb isotope characteristics described for the VVP xenoliths are recorded in peridotite samples that have been contaminated by sediment-enriched component (e.g., Ben Othman et al., 1989; Weaver, 1991; Chauvel et al., 1992) . The Pb isotopic characteristics of the VVP xenoliths show similarities to those of xenoliths from Hungary and Romania (Rosenbaum et al., 1997) (Fig. 7b) , the VVP xenoliths define a parallel trend but at higher 207 Pb/ 204 Pb for similar 206 Pb/ 204 Pb ratios to the subhorizontal field of ultramafic xenoliths from Canary and Kerguelen Islands (Whitehouse and Neumann, 1995; Mattielli et al., 1996; Fig. 7b (Fig. 7c) and 143 Nd/ 144 Nd ratios, displaying isotopic similarities to VVP OIB-HIMU-like basalts . Moreover, the most Sr-radiogenic samples (25Mlh and 25CMlh) are characterized by relatively low 206 Pb/ 204 Pb ratios. The oxygen isotopic compositions of the VVP bulk rock xenoliths range from 6.6 to 11.2‰ (Table 4) . This δ 18 O range of variation is significantly higher than the normal mantle average (5.6 ± 0.2‰; Javoy, 1980) , even in convergent margins (6.0 ± 0.4‰; Taylor, 1968 Muehlenbachs and Clayton, 1972; Magaritz et al., 1978; Déruelle et al., 1983; Ito and Stern, 1985; Pineau et al., 1999) , and exceeds that of the host basanites (7.0-9.7‰). High δ
18 O values, significantly deviating from the mantle average, are believed to be indicative of low-temperature processes occurred in rocks that were exposed to surface conditions (e.g., alteration of oceanic crust, residence in the upper crust, weathering) and/or related to recycling of sedimentary material in their mantle sources (e.g., Taylor and Sheppard, 1986) . Oxygen isotopic compositions of the VVP xenoliths are not clearly correlated with 87 Sr/ 86 Sr ratios (Fig. 7d) . In particular, as with the Sr-Nd isotope relationship, the VVP xenoliths cluster in a relatively restricted range of Sr isotopic composition (0.703031-0.703514) and δ 18 O (6.6-8.3‰), although the sample with the highest 87 Sr/ 86 Sr ratio (25CMlh) is characterized by the highest δ 18 O value (Fig. 7d) . In contrast, there is a negative correlation between silica contents and oxygen isotope compositions, for which the most Si-rich xenoliths show the lowest δ 18 O values (Fig. 7e) . (French Massif Central: Downes and Dupuy, 1987; Zangana et al., 1997; Downes et al., 2003; Germany-Hessian Depression: Kramm and Wedepohl, 1990; Hungary and Romania: Downes et al., 1992; Vaselli et al., 1995; Rosenbaum et al., 1997; Vulture: Downes et al., 2002; Australia: McDonough and McCulloch, 1987; Griffin et al., 1988; China: Song and Frey, 1989; Tatsumoto et al., 1992; Canary Islands: Whitehouse and Neumann, 1995; Kerguelen Islands: Mattielli et al., 1996; Philippines: Vidal et al., 1989; Maury et al., 1992; Japan: Ikeda et al., 2001 (Whitehouse and Neumann, 1995; Mattielli et al., 1996) , Hungary and Romania (Rosenbaum et al., 1997) , China (Tatsumoto et al., 1992) and Canada (Yukon; Carignan et al., 1996) Macera et al., 2003 . Symbols are the same as in Fig. 5 .
DISCUSSION
The goal of this work is to investigate eventual marks of mantle processes that have affected the VVP subcontinental lithosphere. In this study we deal with whole-rock and mineral geochemistry of the VVP xenoliths, being aware that whole-rock Sr, Pb and O isotope analyses could lead to erroneous conclusions, since cryptic but pervasive alteration is sometimes recorded in such material. Sr, Nd (Hf) and Pb isotope data on acid-washed clinopyroxenes is considered to be the most reliable technique for the identification of isotopic mantle signature since the Seventies. Otherwise, only a few, not representative mantle xenoliths from the Adige Valley are suitable for clinopyroxene separation, whereas the presence of spongy and/or secondary clinopyroxenes and the small size of the Lessini Mts. xenoliths make prohibitive this approach. We cannot presumptively exclude cryptic alteration for the remnant xenoliths of this data set. Nevertheless, we noted that Th, Nb, Ta, Zr and Hf enrichments are strictly related to OIB modification, but actually characterize only a few VVP xenoliths. Moreover, we suppose that weathering should induce mobile element enrichments, while contamination with 18 O rich crust during intracrustal differentiation should cause positive correlations between δ 18 O and SiO 2 contents and/or 87 Sr/ 86 Sr ratios (Taylor and Turi, 1976) . The fact that the VVP xenoliths (i) do not show petrographical evidence of surface alteration, (ii) show negative correlations between their silica contents and oxygen isotope data, (iii) also displaying δ
18 O values that, when higher than 7‰, are higher than those of the host basanites which incorporate them, allows to assume that the following data discussion is a suitable approach to face the origin of the VVP subcontinental mantle heterogeneity.
Bulk-rock major element geochemistry indicates that nearly all the xenoliths, regardless of their texture, are slightly to strongly depleted in a basaltic component relative to the primordial mantle (Fig. 2) . The protogranular textures of the Adige Valley samples and their low equilibration temperature suggest that after the partial melting event the xenoliths equilibrated and cooled under spinel-facies conditions. The samples from the Lessini Mts. retain reaction textures such as spongy clinopyroxenes with tiny inclusions of glass. The origin of spongy textures in clinopyroxene may be explained by the breakdown of the mineral during high-temperature transport of the xenoliths to the surface in their host magmas (see also Yaxley and Kamenetsky, 1999) . However, spongy textures may also develop in response of interactions between the mantle mineral assemblage and transient metasomatic liquids and/or fluids (Chazot et al., 1996 , Coltorti et al., 2000 , Carpenter et al., 2002 . Therefore, we cannot exclude that the spongy textures of clinopyroxene may be the result of reactions between clinopyroxenes and a metasomatic agent.
Mineral chemistry variations of clinopyroxenes and spinels cannot be explained with the partial melting process supported by the bulk-rock major element data. An inspection of Tables 2c and 2d reveals that there is no positive correlation between cr# and mg# in spinels. In addition, no positive correlation is observed between the Al 2 O 3 contents of spinels and coexisting clinopyroxenes. As already emphasized by Morten et al. (1989) for spinels from the S. Giovanni Ilarione (Lessini Mts.) site, the deviation from the partial melting trend may derive from solid-liquid reactions (e.g., reactions between the mantle-parageneses and ephemeral metasomatic liquids). Given that the depleted and fertile character of the VVP xenoliths is irrespective of texture, we may infer that metasomatic events occurred early in the history of the Veneto lithosphere and in any case prior to the entrapment of the xenoliths in the host magmas.
Metasomatic agents in the source of the VVP xenoliths have been mostly related to OIB melts, penetrating into the shallow mantle by upwelling to the surface (Siena and Coltorti, 1989; Coltorti et al., 2000; Beccaluva et al., 2001; Bonadiman et al., 2001; Morten et al., 2002; , 2004) . In particular, Beccaluva et al. (2001) , following the approach of Coltorti et al. (1999) , carried out major and trace element mass balance calculations to identify a possible metasomatic agent for the VVP xenoliths. The composition of the hypothetical melt shows similarities to both the Late-Cretaceous Na-alkaline lamprophyres and the VVP alkaline basic lavas. Evidence of reaction in orthopyroxenes, clinopyroxene and spinel, together with consumption of olivine in the primary assemblage, could be due to the addition of 1-6% of the calculated Na-alkaline basic melt. Nevertheless, the VVP xenoliths do not show OIBlike uniform patterns in multi-element spiderdiagrams and are characterized by a large spread in incompatible trace element ratios (e.g., Figs. 4, 5, 8) . Similar characteristics have been highlighted in ultramafic xenoliths from extensional or extensional-subduction related environment, e.g., French Massif Central, Germany and Vulture (Downes, 2001) . We observed that: 1) Some of the most incompatible element-enriched xenoliths display geochemical features similar to those of the VVP host basanites, e.g., significant Nb-Ta positive anomalies, K troughs, comparable trace element ratios (e.g., La/Yb, Rb/Nb, Th/Yb, Tb/Yb, Sr/Yb), and Sr, Nd, Pb and O isotope compositions. Such geochemical characteristics are clearly related to physical interaction with the host basanites. Otherwise, the presence of xenoliths characterized by a HIMU-OIB (e.g., VVPbasanites) signature (Figs. 5a and 6b) , not showing apparent petrographic contamination by the host basanites, may still be the result of OIB-related cryptic metasomatism. Actually, in ultramafic xenoliths MREEenrichment with respect to HREE (e.g., high Tb/Yb ratios; Figs. 5b and c) and, more generally, the variable (from depleted to enriched) contents in highly incompatible trace elements (Nb, Ta, Rb, Ba and U), might be explained as the chromatographic effect induced by plumederived melts percolating through a depleted peridotite and affecting incompatible elements and REE in order of increasing partition coefficient (up to MREE; Bodinier et al., 1990; Takazawa et al., 1992; Bedini et al., 1997) .
2) Conversely, the slightly incompatible element-enriched xenoliths show multi-element spectra (Ba-Nb-Ta negative anomalies and Rb peaks) that resemble those of sediments (Figs. 4b and d) and are discordant with respect to the HIMU-OIB modified patterns. They are also characterized by high LFSE/HFSE ratios, e.g., Rb/Nb, Ba/ Zr, relatively radiogenic Sr isotopic compositions, high δ
18 O values and low 206 Pb/ 204 Pb ratios. Since surface alteration does not seem to have significantly affected the VVP xenoliths, these peculiarities might reflect processes occurred in their mantle source, likely pointing to recycling of a slab-derived component with a significant pelagic sediment signature (Hawkesworth et al., 1994; Elliott et al., 1997; Kogiso et al., 1997; Green and Adam, 2003) . It might imply that the VVP subcontinental mantle was also affected by metasomatic agents released by a subducting plate, e.g., the European slab (subduction-related metasomatism) (Rosenbaum et al., 1997; Downes, 2001; Downes et al., 2002) . Overlapping of metasomatic processes, e.g., OIB-and slab-type, is in agreement with both the lack of Rb troughs even in samples showing geochemical patterns comparable to HIMU-OIB (VVP lavas) and the occurrence of Ti negative anomalies within the whole suite of xenoliths.
3) Finally, the most depleted VVP xenoliths show geochemical features (e.g., trace element contents, Figs. 3 and 4e) that suggest they may derive from a mantle source which did not experience intense metasomatism, while reflecting great extent of depletion in a basaltic component.
In favor of the above hypotheses are the relationships between TiO 2 (Fig. 8a) , Na 2 O (not shown), cr# (Fig. 8b) values, LREE/HFSE ratios (e.g., La/Zr, Fig. 8c) (Weis et al., 1987; Chiba et al., 1989; Mattey et al., 1994; Zheng, 1993) . The group of VVP xenoliths that are characterized by δ 18 O ≤ 7.0‰, and for which the whole range of oxygen isotope variation is less than 1‰, thus plotting on almost vertical trends in the plots of δ 18 O and Na 2 O or TiO 2 contents, can be explained by simple Rayleigh oxygen isotope fractionation during partial melting (Figs. 8a and b) . This hypothesis appears to be supported by the distribution of this group of xenoliths in analogous sharply sloping trends in diagrams of LREE/ HFSE ratios vs. δ
18 O values (e.g., Fig. 8c ). It was also proposed that aqueous fluids (up to about 2%) released from subducting plates can depress the mantle solidus and enhance partial melting on the overriding mantle wedge. This causes a sharp increase of the cr# values, and a decrease of TiO 2 (Na 2 O) and volatile elements contents, while δ
18 O values only slight increases in the residual peridotites (Eiler et al., 2000) . Conversely, samples F56-7, 36Mlh and 25CMlh, showing the highest δ
18 O values at relatively low Na 2 O and TiO 2 contents, might reflect the result of different processes able to add 18 O without affecting the fusible components. Fluxed batch or fractional melting driven by slab-derived silicate melts (not fluids) could account for sharp rise in δ 18 O at nearly constant TiO 2 (Na 2 O) and cr# values (Eiler et al., 2000) , as observed for samples F56-7 and 36MLh (Fig. 8c) . Otherwise, in diagrams of LILE/HFSE or LREE/ HFSE ratios vs. δ 18 O (or 87 Sr/ 86 Sr) these two xenoliths fall on the most gently sloping array along with their host basanites, possibly reflecting variably interaction processes with the latter. Conversely, sample 25CMlh, which is the only VVP xenolith that shows both very high Sr and oxygen isotope compositions (Figs. 7 and 8 ), might represent a portion of the VVP subcontinental mantle metasomatized by slab-derived melts and fluids, as its pyrometamorphic texture may suggest, or it may more simply reflect hidden weathering processes.
Carbonatite-related metasomatism has been suggested among the possible metasomatic components to explain the geochemical peculiarities of within-plate xenoliths and volcanics (e.g., Australia; Yaxley et al., 1991 Yaxley et al., , 1998 Planck and Langmuir, 1998; post Arch. Terrains average, Rudnick and Fountain, 1995) relative to the REE, and high LREE-MREE/HREE ratio (Nelson et al., 1988; Hauri et al., 1993; Downes et al., 2002) . Trace element contents (Fig. 6 ) and ratios (Fig. 5 ) of the VVP xenoliths are not consistent with such a possible metasomatic agent. Moreover, the VVP xenoliths are not characterized by carbonatite signatures such as high Nb/La and very high Zr/Hf and Ca/Al ratios, or by the presence of Ca-LREE-rich phases such as apatite (e.g., Rudnick et al., 1993) .
Modeling slab-derived metasomatic processes In order to test our hypothesis and better constrain the geochemical signature of the metasomatizing slab-derived agent, we performed mass balance calculations to account for the geochemical compositions of the VVP xenoliths that are slightly enriched in incompatible elements (Fig. 4d) , e.g., those showing trace element features similar to the upper continental crust and/or pelagic sediments. Among our sample collection we could not absolutely recognize a possible primary (undepleted and unmetasomatized) mantle assemblage, since overlapping of different metasomatic processes and various extents of depletion appears to have variably affected the VVP mantle lithosphere. Thus we selected four suitable xenoliths from both this collection (25AMlh, undepleted, and 36Mlh, slightly enriched) and literature data (SG3, undepleted and unmetasomatized, and MA7, slightly depleted; Beccaluva et al., 2001) , supposing they reacted with two diverse metasomatic agents, which percolated and metasomatized the VVP mantle lithosphere (Table 5 ). In the calculations, the assumed compositions of the metasomatic agents are those of the 701 Ssand (Planck and Langmuir, 1998) and the post Archean Terrains average (Rudnick and Fountain, 1995) , the choice of which derives from their different features in terms of major and trace element chemistry, reflecting possible components characterizing a hypothetical subducted crust. In reactions such those in which a primary assemblage and a metasomatic agent interact to give a secondary assemblage (e.g., the metasomatized composition), the weight fraction F of each element i in the secondary assemblage can be assumed as:
where a i,M is the weight fraction of element i in the metasomatizing liquid; P M is the weight percent of the metasomatizing liquid; a i,j is the weight fraction of the element i in the phase j of the primary assemblage; P j is the weight percent of the phase j in the starting assemblage. The new composition (the metasomatized assemblage) is then recast in terms of the same compositions of Beccaluva et al. (2001) .
See text for further details and refer to Fig. 9 for a graphical representation of these results. Rudnick and Fountain, 1995) is added to an undepleted mantle region (e.g., 25AMlh); (b) a silica-rich, low Ca/ (Mg, Fe) component (e.g., 701 Ssand, pelagic sediment; Planck and Langmuir, 1998 ) is added to a fertile mantle region (e.g., 36Mlh) . Insert (c) shows the variations of meaningful trace element ratios (normalized to the primordial mantle; McDonough and Sun, 1995; see to s p the mineral phases (a i,j = constant), but changing their proportions by using a least-squared based mass balance calculation (e.g., Stormer and Nicholls, 1978) . This provides an estimate of the weight fraction of the solid phases j of given compositions in the metasomatized assemblage (P j *) that are necessary to obtain the starting bulk composition in order to get: In Table 5 , the major element compositions of the primary assemblages, metasomatic liquids and calculated products are compared to the observed metasomatized assemblages. Mass balanced weight modal compositions of reactants and products are reported for control on mineral phases during the reaction (Table 5a ). Significant results for incompatible trace element ratios and Sr isotopes are reported in Table 5b . The least-square residual is always lower than 0.5 and generally ~0.2-0.3. Our results highlight how the addition of silica-rich and/or silicapoor liquids to a variably fertile mantle region may cause significant olivine consumption and orthopyroxene growing in the secondary assemblage, while spinel percentage is only slightly affected by such metasomatic reactions. Clinopyroxene is preferentially melted if silica-rich, low Ca/(Mg, Fe) sediments are a significant component in the metasomatic liquid. It is important to note that the presence of pyrometamorphic textures indicates the clinopyroxene breakdown (see Table 1 ). On the other hand, the modal abundance of clinopyroxene grows if the metasomatic agent is characterized by the presence of silica-poor, high Ca/(Mg, Fe) sediments (Table 5a ). Major and trace element compositions of the "slightly enriched xenoliths" can be obtained by the addition of about: a) 2-8% of a silica-poor, high Ca/(Mg, Fe) metasomatic agent (e.g., from terrigenous sediments) to a not enriched, or slightly depleted, mantle source (e.g., 25AMlh or MA7), or b) 2-5% of a silica-rich, low Ca/(Mg, Fe) metasomatic agent (e.g., from pelagic sediments) to an undepleted and unmetasomatized, or slightly fertile, mantle source (e.g., 36MLh or SG3).
As far as the above percentages, mass balance calculations on major and trace elements gave coherent results.
Our modeling is represented and summarized in Fig.  9 , where variations in major element compositions, induced by addition of metasomatic liquids with a sedimentary signature to various hypothetical primary mantle assemblages, are projected onto the forsterite (Fo)-CaTschermak (CaTs)-Quartz (Qz) plane of the Qz-Fo-CaTsDi (diopside) system, after recast of analyses in terms of CMAS components (O'Hara, 1968) . Such a representation allows a comprehensive overview of the whole major element characteristics of each natural and calculated compositions we investigated. Moreover, the effects induced by increasing percentages of one of the two metasomatic agents on the major and trace element compositions of a slightly fertile mantle source can be compared focusing on Figs. 9b and c.
On the basis of petrologic observation (e.g., clinopyroxene showing clear disequilibria textures and relatively high modal amounts of orthopyroxene), we argue that the slab-derived metasomatism of the VVP lithosphere was likely related to a silica-rich, Ca-poor agent, likely enriched in a pelagic sediment component. Compositions of the VVP xenoliths which show geochemical features similar to sedimentary material suggest that slab-derived enrichment processes might have affected a relatively fertile mantle region beneath the SE Alps.
In summary, the VVP lithosphere was a variably depleted upper mantle that experienced a complex metasomatic process induced by both a slab-derived component, and OIB-like melts in a variable way. 18 O ~ 6‰) may account for the present geochemical and isotopic heterogeneity of the VVP lithospheric mantle. The slab-derived component is easy traceable to the South-eastward subduction of the European plate underneath the African plate, which was a long-running phenomenon (140-40 Ma) responsible for the closure of the Alpine Tethys (Schmid et al., 1997; Ranalli et al., 2004) . This process involved the sinking of the Ligurian-Piedmont and Valais oceans (probably rich in marine sediments) and the Briançonnais microcontinent (carrier of a terrigenous sediment signature), culminating with the collision of the Eurasian and Apulia plates (Dal Piaz and Venturelli, 1983; Stampfli et al., 2001) . Evidence for subduction-related metasomatism in the VVP lithospheric mantle comes from the high Ba/La, La/Nb, and U/Th ratios, with δ 18 O ~ 7‰, observed in several VVP xenoliths. These features are akin to those of altered oceanic crust and its pelagic sediment veneer (Eliott et al., 1997) . The geodynamic scenario proposed by Macera et al. (2003 Macera et al. ( , 2004 and Ranalli et al. (2004) may explain the occurrence of both OIB-HIMU-type and subduction-related metasomatism in the VVP mantle lithosphere. According to this model, since the Cretaceous a mantle plume with OIB-HIMU geochemical signature was situated in the upper mantle, above the transition zone. Local favorable tectonic conditions, e.g., brief extensional phases or slab breakoff, might have caused upwelling of mantle plume material with subsequent partial melting episodes of the plume material. The flux of liquids released by partial melting of the plume might have induced the OIB-HIMU metasomatism in the overriding lithospheric mantle.
SUMMARY AND CONCLUSIONS
In comparison to the primordial mantle, the VVP ultramafic xenoliths (mg# >88) are slightly to strongly depleted in a basaltic component. The presence of glass patches and strong iron enrichment coupled with a slight increase of the Cr/(Cr + Al) ratio in spinel, apparently not related to interaction with the host basalt, are likely due to reactions between the VVP xenoliths and different metasomatic agents, that occurred early in the history of the Veneto lithosphere. The nature of the metasomatic agents was constrained by comparing the geochemical and isotopic features of the VVP xenoliths, such as variable 
